Like many organs, the kidney stiffens after injury, a process that is increasingly recognized as an important driver of fibrogenesis. Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are related mechanosensory proteins that bind to Smad transcription factors, the canonical mediators of profibrotic TGF-b responses. Here, we investigated the role of YAP/TAZ in the matrix stiffness dependence of fibroblast responses to TGF-b. In contrast to growth on a stiff surface, fibroblast growth on a soft matrix led to YAP/TAZ sequestration in the cytosol and impaired TGF-b-induced Smad2/3 nuclear accumulation and transcriptional activity. YAP knockdown or treatment with verteporfin, a drug that was recently identified as a potent YAP inhibitor, elicited similar changes. Furthermore, verteporfin reduced YAP/TAZ levels and decreased the total cellular levels of Smad2/3 after TGF-b stimulation. Verteporfin treatment of mice subjected to unilateral ureteral obstruction similarly reduced YAP/TAZ levels and nuclear Smad accumulation in the kidney, and attenuated renal fibrosis. Our data suggest that organ stiffening cooperates with TGF-b to induce fibrosis in a YAP/TAZ-and Smad2/3-dependent manner. Interference with this YAP/TAZ and TGF-b/Smad crosstalk likely underlies the antifibrotic activity of verteporfin. Finally, through repurposing of a clinically used drug, we illustrate the therapeutic potential of a novel mechanointerference strategy that blocks TGF-b signaling and renal fibrogenesis.
stiffen the existing ECM even before scarring occurs. 7, 8, 10 The profibrotic response of fibroblasts to TGF-b is exquisitely mechanosensitive, with fibroblast survival, activation, and collagen expression being dependent on a stiff ECM reminiscent of an injured fibrotic kidney but inhibited by soft healthy kidney-like ECM. 5, [11] [12] [13] How fibroblasts sense and transduce these mechanical cues, however, has largely remained a mystery.
Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are transcription cofactors which promote TGF-b signaling via retaining activated Smad2/3 in the nucleus. [14] [15] [16] The activity of YAP and TAZ is determined by their localization within the cell, with nuclear protein being active and cytosolic protein being inactive. The localization of YAP/TAZ was recently shown to be regulated by ECM stiffness through modulation of cytoskeletal tension. 17 Whereas YAP and TAZ localize to the cytoplasm in cells grown on soft, healthy tissue substrates, a situation characterized by reduced cytoskeletal tension, they localize to the nucleus in cells grown on stiff, injured surfaces. 17, 18 These findings suggested to us that YAP and TAZ may be critical mechanotransducers that link fibroblast stiffness sensation to regulation of TGF-b responses in kidney fibrosis.
Here, we show that soft ECM inhibits and stiff ECM augments TGF-b-induced profibrotic Smad signaling by controlling Smad2/3 localization in a process that is mediated by YAP and TAZ. Furthermore, treating cells and mice with verteporfin, a small molecule used for many years as a therapy for eye disease with newly described YAP inhibitory activity, 19 blocks TGF-b-induced myofibroblast activation. Verteporfin induced a dramatic reduction in YAP and TAZ that was associated not only with reduced Smad2/3 nuclear accumulation, but also diminished Smad2/3 levels after TGF-b stimulation. In vivo, verteporfin reduced renal interstitial YAP/TAZ abundance, a finding that was accompanied by decreased nuclear Smad2/3 accumulation and markers of fibrosis in the kidney. Taken together, our results define a novel mechanosensitive YAP/TAZ-dependent pathway that regulates TGFb-induced fibroblast Smad signaling. Moreover, through the repurposing of a clinically used small molecule inhibitor, we also describe a novel tool to interfere with the mechanoregulation of TGF-b/Smad signaling, and in the process, identify a promising new antifibrotic treatment strategy for CKD.
RESULTS

TGF-b-Induced Smad Signaling Is Regulated by ECM Stiffness
Although multiple studies have shown that TGF-b-induced fibroblast responses are ECM stiffness dependent, 5, [11] [12] [13] 20, 21 none have examined whether stiffness regulates the canonical profibrotic Smad signaling pathway. We, therefore, examined the effects of differences in ECM stiffness on various events in the Smad pathway using fibroblasts cultured on fibronectincoated soft (2 kPa) or stiff (100 kPa) substrates.
TGF-b induced equivalent and robust Smad2 and Smad3 phosphorylation in both soft and stiff gel-cultured fibroblasts (Figure 1A , Supplemental Figure 1 ). TGF-b also induced a robust nuclear accumulation of Smad2/3 in fibroblasts grown on stiff gels, with nearly 100% of cells showing predominantly nuclear Smad2/3 staining. This effect, however, was diminished in cells grown on soft gels, with only 40% of TGF-b-stimulated cells exhibiting nuclear Smad2/3 ( Figure 1B) . Accordingly, TGFb-induced Smad transcriptional activity in fibroblasts grown on soft gels was reduced in a Smad-dependent luciferase reporter assay 22, 23 compared with stiff substrate cultures ( Figure 1C ). These results indicate that ECM stiffness controls subcellular localization of Smad2/3 without affecting TGF-b receptor-mediated Smad phosphorylation. Taken together, our results suggest that intracellular Smad2/3 localization and downstream Smad-driven transcription are mechanically regulated.
YAP and TAZ Localization in Fibroblasts Is Mechanically Regulated
We next set out to determine how the intracellular localization of Smad2/3 is influenced by ECM stiffness. YAP and TAZ are transcription cofactors that interact with and regulate Smad2/3 localization in embryonic stem and epithelial cells after TGF-b stimulation. 14, 15 Interestingly, the localization of YAP and TAZ in epithelial and endothelial cells was also recently shown to be ECM stiffness regulated. 17, 18, 24, 25 To establish whether YAP/ TAZ localization is similarly regulated by ECM stiffness in kidney fibroblasts, we generated fibronectin-coated soft substrates (2 kPa) mimicking the mechanics of normal kidney [26] [27] [28] and stiff substrates (100 kPa) corresponding to injured fibrotic kidney. 29 Immunostaining for YAP/TAZ in renal fibroblasts cultured on soft and stiff gels showed diffuse staining in cells grown on soft matrix and predominantly nuclear staining in cells grown on stiff matrix (Supplemental Figure 2) , confirming that YAP and TAZ are mechanically regulated in renal fibroblasts.
Verteporfin Inhibits YAP and TAZ Primarily by Inducing a Dramatic Reduction in YAP/TAZ Levels Because YAP and TAZ are known to promote Smad signaling, the finding that both YAP/TAZ and profibrotic TGF-b/Smad signaling are regulated by stiffness in renal fibroblasts suggested to us that these two pathways may be linked. To address this question, we sought to inhibit YAP/TAZ in cells grown on stiff surfaces, such as fibronectin-coated glass and plastic, that exhibit maximal YAP/TAZ activation, to determine if YAP/TAZ blockade would mimic the TGF-b inhibitory effects of soft matrix.
Verteporfin is a small molecule currently clinically used as an ocular photodynamic therapy acting via reactive oxygen species-dependent, non-YAP/TAZ-related mechanisms. 30 This drug was recently shown, in the absence of light activation, to have previously unrecognized and highly potent YAP inhibitory activity. 19 It was proposed in that report that verteporfin mediates this inhibition by interfering with the ability of YAP to interact with other proteins by inducing a conformational change. 19 However, whether this is the dominant effect of verteporfin is unclear, and whether verteporfin also inhibits TAZ, a closely related homolog of YAP, remains unknown.
To examine the effects of this drug on YAP and TAZ in fibroblasts, we treated NRK49F cells grown on fibronectincoated plastic dishes, which provide a stiff matrix environment, with verteporfin in the presence or absence of TGF-b. Because control of subcellular localization is a major YAP/TAZ regulatory mechanism, we first examined the effect of verteporfin on YAP/TAZ distribution in the presence or absence of TGF-b. Although verteporfin did not affect the localization of YAP/TAZ (Figure 2 , A and B), it unexpectedly induced a dramatic reduction in YAP/TAZ levels as determined by immunofluorescence staining ( Figure  2A ) and immunoblotting ( Figure 2C ). Verteporfin also reduced YAP/TAZ mRNA levels, suggesting that the reduction in YAP/ TAZ protein was, in part, because of decreased synthesis (Supplemental Figure  3) . Although YAP and TAZ are degraded by the proteasome, 31, 32 proteasomal inhibition with MG132 did not rescue YAP/ TAZ protein levels after verteporfin treatment, suggesting that verteporfin does not enhance YAP/TAZ proteasomal degradation (Supplemental Figure 4) .
Consistent with its ability to downregulate YAP/TAZ, treatment with verteporfin resulted in a loss of detectable interactions between YAP/TAZ and TEAD1, a known YAP/TAZ binding partner (Supplemental Figure 5 , A and C). Similarly, although TGF-b induced a dramatic increase in YAP/TAZ-Smad2/3 nuclear interactions in NRK49F cells grown on fibronectincoated glass, this effect was attenuated by verteporfin (Supplemental Figure 5 , B and D). Taken together, our results suggest that, in fibroblasts, verteporfin inhibits YAP and TAZ primarily by reducing their abundance, thereby blocking complex formation with transcriptional partners, such as TEAD1 and Smad2/3. Figure 3A ). After phosphorylation, activated Smad2/3 accumulates in the nucleus, an effect that is facilitated by YAP/TAZ-mediated nuclear Smad2/3 retention. As expected, YAP/TAZ reduction induced by 12 hours of Figure 1 . Substrate stiffness modulates TGF-b-induced Smad signaling via regulation of intracellular localization of Smad2 and Smad3. (A and B) NRK49F rat renal fibroblasts cultured on soft (2 kPa) and stiff (100 kPa) fibronectin-coated gels were stimulated with TGF-b followed by analysis of (A) Smad2 phosphorylation and (B) intracellular Smad2/3 localization. In A, quantification of the TGF-b-induced fold increase in Smad2 phosphorylation is presented (n=4 per condition). In B, cells were counterstained with DAPI to identify nuclei (n=3 coverslips per condition). Arrows point to cells with predominantly nuclear Smad2/3 staining. Scale bar, 20 mm. (C) Fibroblasts transfected with a Smadbinding element luciferase reporter and a normalizing Renilla luciferase control were stimulated with TGF-b, and the resultant luminescence was measured (n=6 per condition). One-way ANOVA with post hoc Fisher least significant difference was performed. AU, arbitrary unit; P-Smad2, phospho-Smad2. *P,0.05. In the Setting of Fibrotic Renal Injury, Verteporfin Induces YAP/TAZ Reduction In Vivo To explore the in vivo relevance of our findings, we first examined the effect of fibrotic injury on YAP/TAZ localization in interstitial fibroblasts, comparing kidneys from mice undergoing (left-sided) unilateral ureteral obstruction (UUO) with those undergoing sham surgery. Seven days after obstructive injury, at a time when fibrosis is developing, we stained serially cut sections of left kidneys for the myofibroblast marker a-smooth muscle actin (a-SMA) and YAP/TAZ. In injured kidneys from UUO mice, interstitial a-SMA + myofibroblasts showed nuclear YAP/TAZ staining ( Figure 6 , A and B). In contrast, healthy, soft kidneys from sham-operated controls that were similarly examined showed only rare a-SMA + cells, none of which showed nuclear YAP/TAZ ( Figure 6 , A and B). Because Representative blots are shown in C, and quantification of relative levels of (D) YAP (n=3 per condition) and (E) TAZ (n=5 per condition) are also shown. One-way ANOVA with post hoc Fisher least significant difference was performed. AU, arbitrary unit; VP, verteporfin. *P,0.05.
only rare interstitial fibroblasts in the healthy kidney express a-SMA, we also quantified the percentage of cells in the interstitium (the location of quiescent fibroblasts) with nuclear YAP/TAZ staining in healthy and injured kidneys, finding that roughly 15% of all interstitial cells in obstructed kidneys and no interstitial cells in healthy kidneys expressed nuclear YAP/ TAZ ( Figure 6C ).
We next tested whether verteporfin treatment of UUO mice would elicit renal YAP/TAZ and Smad inhibitory effects similar to what we had observed in vitro in cultured kidney fibroblasts. Verteporfin significantly reduced interstitial YAP/TAZ staining in UUO mice, a finding that was consistent with our in vitro data ( Figure  6D ). Furthermore, obstructed kidneys showed significant increases in interstitial a-SMA staining and nuclear accumulation of Smad2/3 compared with sham-operated kidneys, a phenomenon that was not seen when YAP/TAZ levels were diminished with verteporfin treatment (Supplemental Figure 7) .
Verteporfin Inhibits Renal Fibrogenesis In Vivo
Given its ability to downregulate YAP/TAZ levels and Smad activation in injured kidneys of UUO mice, we next tested whether verteporfin prevents renal fibrogenesis. We next tested whether verteporfin inhibits the progression of established fibrosis. Seven days after UUO, at a time point when fibrosis has already developed, mice were randomized to receive intraperitoneal injections of verteporfin or vehicle for 1 week ( Figure 8A ). Fourteen days after UUO, obstructed kidneys from verteporfin-treated mice again showed fewer a-SMA + myofibroblasts ( Figure 8B ), less fibrosis ( Figure 8C ), and reduced interstitial CTGF expression ( Figure 8D ). Taken together, our results indicate that verteporfin not only reduces de novo fibrogenesis in the injured kidney, but also prevents the progression of established fibrosis. Moreover, our findings also suggest a previously unrecognized crosstalk between YAP/ TAZ-and Smad-dependent pathways that modulates TGFb-driven fibrogenesis.
DISCUSSION
Although recent studies have shown that fibroblasts are influenced by tissue stiffness, 5, [11] [12] [13] 20, 21 the underlying mechanoregulatory pathways are poorly understood. We show for the first time that TGF-b-induced canonical Smad2/3 signaling is regulated by ECM stiffness via control of Smad2/3 localization and that this mechanoregulation may be dependent on the proteins YAP and TAZ. We further show that verteporfin, a small molecule approved for the treatment of ocular vascular disease with recently described YAP/TAZ inhibitory properties, can block not only TGF-b-induced Smad2/3 signaling in cultured renal fibroblasts, but also, the progression of renal fibrosis in vivo. Verteporfin mediates its antifibrotic effects by multiple mechanisms, ultimately interfering with profibrotic YAP/TAZ-TGFb/Smad crosstalk in renal fibroblasts.
Todate,softmatrixhasbeen shown to inhibit fibroblast-myofibroblast transition primarily through TGF-b-independent pathways, such as via regulation of cyclooxygenase-2 35 and Rho/ROCK/megakaryoblastic leukemia 1 activity. 11, 12 These TGF-b-independent fibroblast mechanoregulatory pathways can act in concert with TGF-b, but the mechanisms underlying this mechanochemical synergy remain poorly defined. In this work, we establish a mechanistic link between matrix stiffness, YAP/TAZ, and Smad2/3 signaling in the regulation of fibroblast responses to TGF-b. This effect is consistent with prior evidence of physical interactions between YAP/TAZ and Smad2/3 in the nucleus, [14] [15] [16] and it is in line with reports from our group and others indicating that YAP and TAZ exhibit profibrotic activity. [35] [36] [37] Indeed, Speight et al. 24 previously showed a role for TAZ in controlling a-SMA expression in injured epithelium as part of epithelial-myofibroblast transition. 35 Similarly, recent reports have showed that a stiff environment promotes YAP/TAZdependent activation of fibroblasts and hepatic stellate cells, promoting matrix synthesis independent of TGF-b, possibly through the induction of CTGF and PAI1. 35, 37 Taken together, these reports are in line with our results, suggesting that YAP and TAZ are critical mechanosensitive mediators of TGF-b-dependent and -independent fibrogenesis.
Recognizing the importance of YAP and TAZ, we identified verteporfin as a novel potent inhibitor of experimental fibrosis. Although a previous report had shown that verteporfin induces a conformational change of YAP that affects its binding to other proteins, 19 our data indicate that the dominant effect of this drug on YAP and TAZ in fibroblasts is a dramatic reduction in the absolute levels of these two proteins. We show that verteporfin reduces YAP and TAZ mRNA levels, suggesting that decreased synthesis of YAP and TAZ may at least partially explain our findings. However, because recent reports have suggested that verteporfin may also cause protein aggregation through oxidative crosslinking and enhanced degradation, 38, 39 other effects of this drug may also play a role.
In addition to its effects on YAP and TAZ, verteporfin exerted multiple effects on the profibrotic proteins Smad2 and Smad3. The profibrotic activity of Smad2/3 is regulated at multiple levels, with activation mediated by C-terminal phosphorylation and subsequent nuclear accumulation, and inactivation mediated by dephosphorylation, nuclear export, and degradation. 2, 3 Although verteporfin did not affect TGF-b-induced Smad2/3 phosphorylation, it did inhibit subsequent Smad nuclear accumulation ( Figure 3 ). This effect was likely caused by reductions in functional YAP/TAZ protein, because YAP and TAZ are known to act as Smad nuclear retention factors. 15 Interestingly, we also noted that verteporfin reduced the abundance of Smad2 and Smad3 in fibroblasts, inducing only a modest reduction on its own but a much more dramatic downregulation on coincubation with TGF-b (Figure 3) . WW domain-containing proteins, such as YAP and TAZ, compete with Smad ubiquitin ligases for access to activated nuclear Smads after TGF-b stimulation. 40, 41 It is, therefore, possible that the verteporfininduced reduction in YAP/TAZ protein may have enhanced the ubiquitination and degradation of TGF-b-activated nuclear Smads. Consistent with this hypothesis, we showed that proteasomal inhibition partially rescued the loss of Smads induced by coincubation with TGF-b and verteporfin (Supplemental Figure 6 ). Recent reports have also suggested, however, that verteporfin may directly enhance the degradation of certain proteins through oxidative crosslinking and oligomerization. 38, 39 Thus, verteporfin may reduce Smad2/3 levels via multiple mechanisms, some of which are likely YAP/TAZ dependent, whereas others may be YAP/TAZ independent.
Recognizing the many potential mechanisms by which verteporfin might be altering YAP/TAZ-and Smad-dependent signaling, we took a genetic approach to confirm the importance of YAP/TAZ and TGF-b/Smad crosstalk in the regulation of fibrogenesis. In these experiments, we showed that siRNA-mediated knockdown of YAP reciprocated the effects of verteporfin, in that both strategies diminished TGFb-induced Smad transcriptional activity and expression of classic profibrotic genes in cultured fibroblasts. Taken together, our results suggest that crosstalk between these two pathways exerts important regulatory effects on fibroblast activation and ECM production. Interestingly, the effects of YAP silencing were not as profound as those of verteporfin, suggesting that verteporfin may also mediate its effects through other non-YAP-dependent mechanisms. Indeed, although prior studies have mostly focused on the profibrotic activity of YAP, 36, 37 it is possible, for example, that verteporfin-induced reductions in TAZ may also have important effects.
Having shown these novel effects of verteporfin in cultured renal fibroblasts, we next extended our in vitro findings to a mouse model of renal fibrosis. In these studies, we showed that verteporfin treatment of UUO mice reduced YAP/TAZ levels and Smad nuclear accumulation in the injured kidney along with the expression of profibrotic TGF-b/Smad-inducible genes, such as ACTA2, COL3A1, COL4A1, and CTGF. Although the expression of these Smad-inducible genes is regulated by other factors other than Smads, 23, 42, 43 taken together, these data suggest that verteporfin interferes with profibrotic YAP/TAZ-Smad2/3 crosstalk in vitro in cultured fibroblasts and in vivo in the injured mouse kidney, thereby inhibiting fibrogenesis.
Classically thought of as targets of the Hippo pathway, YAP and TAZ are regulated by phosphorylation of serine residues that control not only their intracellular localization but also, their ubiquitination and subsequent degradation. 31, 32 In 2011, Dupont et al. 17 showed that matrix stiffness is an additional regulator of these two proteins. The mechanisms underlying this mechanoregulation remain unclear, although both Hippo-dependent 44, 45 and Hippo-independent 17,18 pathways likely contribute. Whether fibroblast Hippo pathway activity is Irrespective of these ongoing mechanistic studies, our finding that verteporfin is a potent inhibitor of renal fibrogenesis represents an exciting advance. No specific, safe, and effective renal antifibrotic therapies exist, despite the central role that scarring plays in the progression of nearly all forms of CKD. 46 A key barrier to the development of effective antifibrotic therapies has been the complexity and redundancy of the profibrotic signaling network. An under-recognized contributor to this complexity is the synergistic interaction that exists between biomechanical and biochemical fibrogenesis regulatory signals. By targeting both classic Smad2/3 and novel mechanosensitive YAP/TAZ profibrotic signaling, we define, using a repurposed drug, a new pharmacologic strategy that disrupts this mechanochemical synergy, thereby inhibiting profibrotic TGF-b signaling and attenuating renal fibrogenesis.
CONCISE METHODS
Detailed methods can be found in Supplemental Material.
Polyacrylamide and Silicone Gel Preparation
Glass coverslips were coated with 2-kPa (soft) or 100-kPa (stiff) polyacrylamide or silicone gels using modified versions of published protocols. [47] [48] [49] Gels were coated with sterile fibronectin (10 mg/ml; YO Proteins AB, Huddinge, Sweden) to create a uniform, thin layer of ECM protein for cell adhesion.
Cell Culture and Treatments
Immortalized normal rat kidney interstitial fibroblasts (NRK49F) and primary human dermal fibroblasts were purchased from American Type Culture Collection (Manassas, VA) and Lonza (Mississauga, ON, Canada), respectively. After overnight serum deprivation (DMEM and 1% FBS), cells were stimulated with TGF-b (10 ng/ml; R&D Systems, Minneapolis, MN) and/or verteporfin (Sigma-Aldrich, St. Louis, MO) for the indicated times.
Immunofluorescence Staining and Immunoblotting
NRK49F fibroblasts cultured on fibronectincoated glass coverslips were immunostained with antibodies directed against YAP/TAZ, Smad2, or Smad2/3. After the addition of appropriate secondary antibodies, nuclear counterstaining with DAPI was performed. Confocal microscopic images were obtained, and the percentage of cells with predominantly nuclear YAP/TAZ or Smad2/3 was calculated using a modified published protocol. 22 Lysates from NRK49F cells grown in fibronectin-coated dishes were blotted with the following primary antibodies: Smad2, Smad3, Smad2/3, phosphoSmad2, phospho-Smad3, YAP/TAZ, a-tubulin, GAPDH, or b-actin. Quantitative analysis of band intensity was performed using ImageJ (National Institutes of Health, Bethesda, MD).
Quantitative RT-PCR
After treatments as described above, RNA was harvested from NRK49F cells and reverse transcribed, and quantitative RT-PCR was performed to analyze differences in the mRNA levels of ACTA2, COL1A1, COL3A1, COL4A1, GAPDH, PAI1, YAP, and TAZ. Please see Supplemental Table 1 for primer sequences.
Transfection and Luciferase Reporter Assay
Fibroblasts grown in fibronectin-coated plastic wells were transfected with a Firefly luciferase reporter construct driven by tandem Smadbinding element consensus motifs along with a control Renilla luciferase vector constitutively driven by the HSV-thymidine kinase promoter (Promega, Madison, WI). Transfected fibroblasts were stimulated with TGF-b (10 ng/ml), and Firefly and Renilla luminescence was read 24 hours later using a Dual-Glo Luciferase Kit and Luminometer (Promega). 23 Smad transcriptional activity was calculated as the Firefly-to-Renilla luminescence ratio.
YAP Silencing
After serum deprivation in DMEM and 2% FBS for 4 hours, NRK49F fibroblasts cultured in fibronectin-coated plastic wells were transfected with 10 nmol/L siRNA directed against YAP1 or a scrambled siRNA. Forty-eight hours after transfection, YAP silencing was confirmed via quantitative RT-PCR, and cells were used for experiments.
Proximity Ligation Assay
NRK49F fibroblasts grown on fibronectincoated glass coverslips were treated with or without verteporfin (250 nmol/L) for 2 hours followed by TGF-b (10 ng/ml) for 30 minutes. Cells were then subjected to Duolink proximity ligation assays as per the manufacturer's instructions (Olink Bioscience, Uppsala, Sweden). 50 Briefly, cells were incubated with mouse anti-human YAP/TAZ and rabbit anti-human Smad2/3 primary antibodies or mouse antihuman YAP/TAZ and rabbit anti-TEAD1 primary antibodies. Proximity of YAP/TAZ to Smad2/3 or TEAD1 was detected by the addition of anti-mouse plus and anti-rabbit minus proximity ligation assay probes followed by ligation, rolling circle amplification, and hybridization with fluorescently labeled oligonucleotides. Fluorescent spots were imaged and quantified as nuclear proximity ligation assay signal intensity divided by nuclear volume.
Animals and UUO Surgery Study 1
To assess YAP/TAZ localization in a-SMA + renal fibroblasts, male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and underwent either left-sided UUO or sham surgery. Seven days after surgery, mice were euthanized, and the left kidneys were harvested, immersion fixed in 10% neutral buffered formalin, and embedded in paraffin.
Study 2 (UUO: Early Verteporfin Treatment)
To examine whether early verteporfin treatment could prevent renal fibrosis, male C57BL/6 mice (The Jackson Laboratory) underwent either left-sided UUO or sham surgery. Mice undergoing UUO surgery were randomized to receive every other day intraperitoneal injections of either verteporfin (100 mg/kg) dissolved in 10% DMSO or DMSO vehicle control as per a previously published protocol. 19 Treatment began immediately after surgery (day 0) and was continued until study end, which was 7 days after surgery.
Study 3 (UUO: Late Verteporfin Treatment)
To examine whether late verteporfin treatment could prevent the progression of established fibrosis, male C57BL/6 mice (The Jackson Laboratory) underwent left-sided UUO or sham surgery. Mice undergoing UUO surgery were randomized to receive intraperitoneal injections of either verteporfin (100 mg/kg) or DMSO vehicle as described for study 2. Treatment in this study, however, began on day 7 post-UUO, a time point when renal fibrosis is already established in the obstructed left kidney, and it was continued for an additional 7 days. All mice were euthanized 14 days after UUO or sham surgery.
Tissue Collection, Preparation, Histology, and In Situ Hybridization
At study end, the left kidneys of all mice were harvested. Frozen kidney sections were stained with antibodies against Smad2/3 and a-SMA. Formalin-fixed tissues were embedded in paraffin and sectioned before staining with picrosirius red (Sigma-Aldrich) or antibodies against a-SMA, YAP/TAZ, and type 4 collagen. 51, 52 Stained sections were digitally analyzed using Aperio Imagescope software (Leica Biosystems, Concord, ON, Canada) as previously described. [51] [52] [53] In situ hybridization was performed on formalin-fixed, paraffinembedded mouse kidney sections as previously described, 5 4 and the hybridized antisense probe was visualized with alkaline phosphatase-conjugated antidigoxigenin (Roche, Basel, Switzerland) and BM purple AP substrate (Roche).
Statistical Analyses
A minimum of three independent experiments was performed for all in vitro studies. Data presented are means6SEMs. Between-group differences were measured using one-way ANOVA with Fisher least significant difference post hoc analysis where appropriate. Statistical analysis was performed using GraphPad Prism for Mac 6.0 (GraphPad Software Inc., San Diego, CA).
Study Approval
All animal studies were approved by the St. 
